Introduction
Type 1 diabetes (T1DM) is the result of the immunemediated destruction of insulin-secreting pancreatic β cells (1) . It is widely assumed that this process is orchestrated by autoreactive T cells, but to date these disease effectors have been difficult to identify in humans and therefore remain poorly characterized. Studying the natural history of islet autoreactive T cells is an important research goal for several reasons, not least of which is because it represents our best chance of deciphering the underlying disease process. In addition, however, there is a further research impetus. Therapeutic intervention trials in patients with T1DM and those at risk of the disease are fast becoming a major focus for clini-Detection sensitivities as low as one responder cell per million have been claimed. Various different qualities of the immune response can be analyzed, including types 1, 2, and regulatory responses, through the detection of IFN-γ-, IL-4-, and IL-10-secreting cells, respectively, and each of these cell types may be relevant to T1DM pathogenesis and therapy. The choice of antigenic stimulus is particularly important, however. Detection of rare T cell events is particularly sensitive to nonspecific stimulatory and inhibitory effects mediated by impurities present in whole antigen preparations (11, 12) . Synthetic peptides are preferable since they can be obtained in highly purified form, and ideally only those peptides known to be displayed by APCs after natural processing of intact autoantigen should be used. To gather this level of information in relation to islet autoantigens, we previously developed an approach for the identification of naturally processed epitopes in which they are eluted directly from antigen-pulsed APCs (13) . Initially, we focused on identification of natural epitopes of a single islet autoantigen, insulinoma associated-2 (IA-2), but in the present study we reasoned that enhanced discrimination between disease and tolerance in a T cell assay could be achieved by the use of multiple peptides from multiple islet autoantigens. In some senses this approach is the natural extension of the well-established use of multiple autoantibody specificities to identify individuals at-risk for T1DM (14) .
First, therefore, we extended our autoantigenic peptide repertoire by identifying additional naturally processed proinsulin (PI) peptides presented by HLA-DR4, one of the class II HLA molecules associated with T1DM development (15) . These novel PI epitopes were combined with IA-2 peptides identified previously to create a multiepitope, multiantigen panel to study proinflammatory (Th1), inflammatory (Th2), and antiinflammatory (T regulatory, or Treg) cytokine-secreting T cells, to examine whether the Th1 paradigm of T1DM pathogenesis is upheld, and to determine whether there is evidence for a state of IL-10-mediated tolerance in nondiabetic individuals.
Methods
Subjects. Fresh heparinized and clotted blood samples were obtained from 36 Caucasian type 1 diabetes mellitus (DM) patients with acute onset of symptoms requiring insulin from the time of diagnosis and 14 healthy Caucasian nondiabetic control subjects without a history of first-degree relatives with type 1 DM matched for age and HLA type (Table 1) . Fresh PBMCs were isolated on density gradients (Lymphoprep; Nycomed Pharma, Oslo, Norway) and washed in RPMI-1640 (Life Technologies Ltd., Paisley, United Kingdom) twice before use. Autoantibodies against IA-2 and insulin were detected by immunoprecipitation as described (16) . These studies were carried out with the approval of the Local Research Ethics Committee, and informed consent was obtained from all participants.
Identification of peptides of PI naturally processed and presented by HLA-DR4. The procedure for identification of naturally processed and presented peptide epitopes (NPPEs) was similar to that described previously (13) . The cDNA representing the entire sequence of pre-PI (obtained from D.F. Steiner, University of Chicago, Chicago, Illinois, USA) was cloned into a pET-12a vector (Novagen Inc., Madison, Wisconsin, USA) modified to include a 6-histidine purification tag and biotinylation sequence at the 5′ end. It was then transformed into BLR(DE3)pLysS-competent cells (Novagen Inc.) for expression and purification under denaturing conditions, followed by refolding using a glutathione redox reaction (17) and confirmation of correct folding by analysis of V8 protease-digestion products (18 (19) . Binding affinity was expressed as IC 50 , determined as that required to inhibit binding of 2.5 µM biotinylated indicator peptide 50%.
In addition, we used a set of seven peptides as controls for the specificity of the T cell response. These peptides included the promiscuous HLA-DR-binding MHC class II invariant chain peptide, residues 98-117 PKPPKPVSKM-RMATPLLMQA, and six non-autoantigenic peptides, of which three are promiscuous HLA-DR-binding peptides and common T cell epitopes from tetanus toxin, NNFTVSWLRVPKVSASHLEQ, RDIIDDFTNESSQKTT, and YIKANSKFIGITELK (20 Cytokine ELISPOT analysis. Fresh PBMCs were dispensed into 48-well plates at a density of 2 × 10 6 in 0.5 ml in RPMI-1640 supplemented with antibiotics (TC medium; Life Technologies Ltd.) and 10% human AB serum (Harlan Sera-Lab Ltd., Leicestershire, United Kingdom) supplemented with peptide to a final concentration of 10 µM and incubated at 37°C, 5% CO 2 , tilted by 5°. Control wells contained TC medium with an equivalent concentration of peptide diluent alone (DMSO), tetanus toxoid (final concentration, 100 ng/ml), or PMA/ionomycin (5 ng/ml and 745 ng/ml final concentrations, respectively). In some assays, to examine the nature of the responder cells, PBMCs were cultured as above or depleted of CD4 T cells by positive selection (Miltenyi Biotech, Surrey, United Kingdom). CD4-depleted PBMCs were typically more than 97% non-CD4 cells. On day +1, 0.5 ml prewarmed TC medium/10% AB serum was added, and on day +2, nonadherent cells were resuspended using prewarmed TC medium/2% AB serum, washed, brought to a concentration of 10 6 /300 µl, and 100 µl dispensed in triplicate into wells of 96-well ELISA plates (Nunc Maxisorp; Merck Ltd., Poole, United Kingdom) preblocked with 1% BSA in PBS and precoated with monoclonal anti-IFN-γ, anti-IL-10, or anti-IL4 capture Ab (U-Cytech, Utrecht, The Netherlands). When sufficient cells were available, all three cytokines were analyzed for each test peptide, otherwise they were analyzed in the order of IFN-γ, IL-10, IL-4. After capture at 37°C, 5% CO 2 for 7 hours, cells were lysed in ice-cold water, plates washed in PBS/Tween 20, and spots developed according to the manufacturer's instructions. Plates were dried and spots of 80-120 µm counted in a BioReader 3000 (BioSys, Karben, Germany).
This assay demonstrated good performance characteristics in terms of sensitivity and reproducibility in a recent workshop (21) . Intra-assay and interassay coefficients of variation for the cytokine ELISPOT assays were evaluated by measuring spot numbers for low-level recall responses using repeated measures within the same assay and repeated measures between assays, using the same donor over a period of 1 year. Low-level tetanus (100 ng/ml) was used as the stimulus. In addition, blood samples from control individuals testing positive for IFN-γ and IL-10 were subject to repeat testing to confirm positivity. Triplicate values were pooled to provide mean (SEM) spots per 300,000 cells, the approximate number of PBMCs from the bulk starter culture for each ELISPOT well. Mean values in test wells were compared with means of the background (DMSO) wells to derive a stimulation index (SI).
Statistical analysis. Since the cytokine ELISPOT for the detection of autoreactive T cell responses to NPPEs represents a novel assay format, for which criteria for determining positive and negative responses do not exist, we used a conventional approach for identifying appropriate cut-off values. The test's diagnostic sensitivity (true-positive rate) was plotted against one minus specificity (false-positive rate) for all possible cut-off values, generating a receiver-operator characteristic (ROC) curve (22, 23) . By convention, we selected the cut-off value that provides an operating position nearest that of the "perfect test" (i.e., closest approximation to the operating position of 100% sensitivity and 100% specificity in the top left corner of the plot).
The frequency of responses in different clinical groups was compared using Fisher's exact tests and χ 2 analysis. Analyses of the relationship of paired IFN-γ and IL-10 responses and paired T cell and autoantibody responses were carried out using the Wilcoxon signed rank test for pairing. Differences in age of diabetes onset according to the quality of the cytokine response (e.g., IL-10) were compared using the Mann Whitney U test. Correlations between T cell responses and autoantibodies were analyzed using the Spearman rank correlation test.
Results

Identification of PI peptides naturally processed and presented
by HLA-DR4. We previously developed a direct cellular and biochemical approach to identify naturally processed epitopes of IA-2 presented by HLA-DR4 (B1*0401), relying upon high-efficiency pulsing of APCs with autoantigen using a lectin-based antigendelivery system (ADS) followed by purification of HLA-DR4 and identification of eluted peptides by highaccuracy mass matching (13) . In the present study, 10 10 Priess EBV B cells (homozygous HLA-DRB1*0401) were pulsed with recombinant PI and the same number with ADS alone (control preparation). HLA-DR4 was purified from each cell pellet, bound peptides eluted and separated by reverse-phase HPLC, and each of 100 fractions analyzed by matrix-assisted laser desorption timeof-flight mass spectrometry. The mass spectra for the HLA-DR4 peptide repertoire isolated from Priess cells pulsed with PI and the control preparation were compared to identify novel mass-to-charge ratio (m/z) values corresponding to peptides derived from PI.
Five masses were identified as being unique to the PI-pulsed peptide preparation corresponding to seven PI sequences (Table 2 ). All sequences span an extended region of PI from the end of the B chain to the middle of the A chain. The peptides circumscribed two potential nested sets that are characteristic of class II MHC processing (C3-C27 and C13-A5) and contain clear amino acid-binding preferences for HLA-DR4 (B1*0401) (24) , confirmed by in vitro binding studies ( Table 2 ). Our aim was to identify naturally processed epitopes unique to the PI molecule for the study of tolerance to β cell-restricted antigens (PI is almost entirely confined in its distribution to the β cell, while insulin and C peptide are more widely distributed secretory products). Only one of the nested sets (C13-A5) fulfills this criterion; its sequences are unique to PI and none is present solely in the mature insulin or C peptide molecules ( Table 2) . We therefore focused our T cell studies on these three peptides.
Detection of proinflammatory IFN-γ-secreting T cells recognizing naturally processed IA-2 and PI peptides.
Intraassay and interassay variability of the cytokine ELISPOT assay on repeated measures is indicated in Figure 1 . Coefficients of intra-assay and interassay variability ranged up to 12.3% and 10.7%, respectively. In patients with T1DM and healthy control subjects, spontaneous production of IFN-γ was present at similar, very low levels (median number of spots 3.7, range 0.3-37.3/300,000 cells in T1DM patients and median number 4.7, range 1-14.7/300,000 cells in nondiabetic control subjects, P = NS).
In the presence of test peptides representing six NPPE regions of IA-2 (13) and the three NPPEs from PI (C13-C32, C19-A3, and C22-A5), however, there were major differences in responsiveness between patients and control subjects. To evaluate these differences formally, we first established criteria for determining positive and negative responses in the cytokine ELISPOT assay using the ROC curve approach widely used in the performance of diagnostic tests, including islet cell autoantibodies (22, 23, 25) . We used an SI (ratio of mean spot number in the presence of test peptide to mean spot number in the presence of peptide diluent) to enable comparison between patients and control subjects while taking account of background, spontaneous responsiveness. A cut-off of SI ≥ 3.0 provided the greatest sensitivity and specificity in the discrimination of patients from controls, as shown by the ROC plot analysis (Figure 2a) . 
Sequences in lines 2 and 3 and in lines 4 through 6 represent potential nested sets in which the amino acid in bold represents the most likely P1 residue; in the PI sequence, the dibasic motifs R-R and K-R represent the cleavage sites for removal of C peptide, and these residues are subsequently removed by peptidases.
Using this cut-off, IFN-γ responses to IA-2 and PI peptides were seen in the majority of patients with newly diagnosed type 1 DM (Table 3, Figures 2, b-g,  and 3 ). Nineteen of 36 (53%) patients with type 1 DM showed a response to at least one IA-2 peptide, compared with 1 of 14 (7%) HLA-matched nondiabetic control subjects (P = 0.0035). Positivity in the nondiabetic control subject was confirmed on repeat testing after 1 month. In addition, 14 of 25 patients (56%) with type 1 DM tested against PI peptides demonstrated a positive response to one or more peptides, compared with none of 14 nondiabetic control subjects tested (P = 0.0004).
By far the greatest discrimination between patients and control subjects, however, was seen when the analyses of responses to IA-2 and PI were combined, since no single epitope of either autoantigen stood out as being clearly discriminatory. Among the 25 patients tested against both IA-2 and PI peptide panels, an IFN-γ response to at least one peptide was seen in 18 of 25 (72%) T1DM patients, compared with 1 of 14 (7%) nondiabetic control subjects (P = 0.0001). This increase in diagnostic sensitivity was not achieved at the loss of specificity, since none of the nondiabetic control subjects made IFN-γ responses to any of the PI peptides.
Overall, responses to the IA-2 and PI peptides, which had been identified by elution from HLA-DR4, tended to be higher in patients with at least one HLA-DR4-encoding allele. Thus, 15 of 25 (60%) and 10 of 17 (59%) patients with at least one HLA-DR4 molecule responded to at least one IA-2 or PI peptide, respectively, compared with 4 of 11 (36%) and 4 of 8 (50%) patients with non-DR4 alleles. Similarly, the prevalence of responses to either peptide panel was greater among those patients with at least one HLA-DR4 allele (13 of is plotted against one minus specificity representing the proportion of controls that are positive. SIs were calculated as the ratio of the mean response in the presence of peptide to the mean response in the presence of diluent alone. By convention, we selected the cut-off value that provides an operating position nearest to that of the "perfect test" (i.e., closest approximation to 100% sensitivity and 100% specificity), which was SI 17, 76%) compared with those with non-DR4 alleles (5 of 8, 63%), although none of these trends were significant with the numbers of cases tested in this study.
Additional studies were carried out using samples from four T1DM subjects with islet peptide-reactive T cells to examine the nature of the responding cells. Positive responses (SI ≥ 3.0) were entirely abolished when PBMCs were depleted of CD4 T cells, indicating that the autoreactive T cells detected are CD4 + (Figure 4) . In addition, we were able to examine the persistence of IFN-γ T cell responses in an additional four T1DM patients (all DRB1*0401) from whom a second blood sample was available 15-23 weeks after the first was taken ( Figure  5 ). In three patients there was a positive IFN-γ T cell response (SI ≥ 3.0) to at least one IA-2 peptide in the first sample. In two of these patients, the positive responses remained, while in the third the response to one peptide persisted and the response to the other declined. The fourth patient showed no response in either sample. These results indicate that, when present, proinflammatory autoreactive T cell responses have a tendency to persist during the first months after diagnosis.
All cases and control subjects showed a detectable and significant IFN-γ response to stimulation with the polyclonal T cell stimulus PMA/ ionomycin (data not shown), and the frequency and magnitude of these responses were similar in all groups. Similarly, a majority of patients (25 of 36, 69%) and control subjects (10 of 14, 71%) showed positive responses to a single, fixed concentration of tetanus toxoid (Figure 3 ). IFN-γ responses, in terms of spot number and SI, against a panel of seven control peptides from MHC class II invariant chain, tetanus toxin, and Coxsackievirus B4 P2C protein were similar in patients (n = 20) and control subjects (n = 14) (data not shown).
Detection of regulatory IL-10-secreting T cells recognizing naturally processed IA-2 and PI peptides. Spontaneous production of IL-10 was similar in patients with T1DM (median number of spots 5 and range 0.3-102/300,000 cells) and nondiabetic control subjects (median number of spots5.7 and range 0.3-136/300,000 cells, P = NS).
A striking finding was that more than half of the nondiabetic control subjects (9 of 14, 64%) made IL-10 Table 1 for case identifiers, HLA types, and clinical characteristics of the subjects. ND, not done.
responses to IA-2 peptides, compared with a minority of patients with newly diagnosed T1DM (7 of 24, 29%, P < 0.05; Figure 6 , Table 4 ). These responses were frequently directed against multiple epitopes and were of considerable magnitude. Repeated testing 1 month later in four of the nondiabetic control subjects showed that the IL-10 response was reproducible over time (i.e., four of four subjects showed responses classed as positive, SI ≥ 3.0, to the same peptides as in the original assay). Extending this comparison, we noted that the majority of patients with T1DM making IL-10 responses to IA-2 peptides also made IFN-γ responses to the same or another peptide, whereas nondiabetic control subjects making IL-10 responses did so almost entirely in the absence of IFN-γ production. Only two patients with T1DM (no. 33 and no. 35) out of a total of 24 tested (8%) made an isolated IL-10 response to IA-2 peptides, compared with 8 of 14 (57%) of nondiabetic control subjects (P = 0.0019). Fewer patients and control subjects were tested for IL-10 responses to PI peptides, but among patients, 4 of 17 (24%) responded to PI peptides by IL-10 production, compared with 3 of 13 (25%) nondiabetic control subjects. Of 17 patients tested for IL-10 responses to both peptide panels, 6 (35%) responded to at least one peptide, compared with 8 of 13 nondiabetic control subjects (62%).
Summarizing these data on IL-10 responses, there is a clear trend for an IL-10 response against IA-2 peptides to discriminate between patients and control subjects (P < 0.05). This trend remains for combined anti-IA-2 and anti-PI responses (P = 0.08) when only the HLA-DR4 cases and controls are considered (consistent with DR4-eluted peptides being more discriminatory among DR4 subjects). IL-10 responses to PI appear nondiscriminatory, although fewer cases were studied.
To examine the nature of the relationship between IL-10 and IFN-γ responses to IA-2 and PI peptides in patients and control subjects further, we plotted the SI for each cytokine when a positive peptide response was observed (SI ≥ 3.0 for IFN-γ or IL-10). These results demonstrated a highly significant inverse correlation between responses represented by each of these cytokines (Figure 7a ; P = 0.000004), indicating that in the context of an autoreactive T cell response there is extreme polarization of proinflammatory versus regulatory autoreactivity. Moreover, while patients with T1DM were clustered close to the y axis, nondiabetic control subjects were distributed along the x axis, highlighting the association of the disease and tolerant states with proinflammatory and potentially anti-inflammatory or regulatory responses, respectively. In contrast, there was no inverse correlation between IFN-γ and IL-10 responses to tetanus toxoid (P = 0.64). This tendency to make either polarized Th1 or regulatory T cell responses to naturally processed and presented IA-2 and PI epitopes provides a clear distinction in the quality of autoreactivity between T1DM patients and nondiabetic subjects (Table 5 ; P < 0.0001). Table 1 for case identifiers, HLA types, and clinical characteristics of the subjects.
All cases and control subjects showed a detectable and significant IL-10 response to stimulation with the polyclonal T cell stimulus PMA/ionomycin (data not shown), and the frequency and magnitude of these responses were similar in both groups. Similarly, a minority of patients (5 of 24, 21%) and control subjects (3 of 14, 21%) showed positive responses to a single fixed concentration of tetanus toxoid (data not shown). IL-10 responses, in terms of spot number and SI, against a panel of seven control peptides from MHC class II invariant chain, tetanus toxin, and Coxsackievirus B4 P2C protein were similar in patients (n = 20) and control subjects (n = 14) (data not shown).
Relationship between autoreactive T cells, age at onset, and autoantibodies.
We made the intriguing finding that patients with T1DM who made IL-10 responses to either IA-2 or PI tended to be significantly older at diagnosis of disease than those who did not (P = 0.01; Figure  7b ), suggesting that this quality of response is associated with a later disease onset.
Perhaps not surprisingly, given the high prevalence of both islet cell autoantibodies and T cell autoreactivity in the patient cohort, we did not see any clear correlation, inverse or otherwise, between levels of autoantibodies and T cell reactivity (IFN-γ or IL-10) to NPPEs of IA-2 and PI.
Detection of IL-4-secreting T cells recognizing naturally processed IA-2 and PI peptides.
Despite the fact that IL-4-secreting cells were clearly detectable by ELISPOT in response to the polyclonal stimulus PMA/ionomycin and tetanus toxoid, spots in the presence of NPPE peptides were rare, and no increased responses were detected in patients or control subjects.
Discussion
In the present study we report that in the context of the prototypic organ-specific autoimmune disease, type 1 diabetes, a clear distinction can be made between the tolerant and disease states and that these differences can be directly observed using peripheral blood. Autoreactive T cells in T1DM patients show a polarization toward IFN-γ production, whereas in the nondiabetic state autoreactive T cells are present, but polarized to make IL-10, a cytokine recognized for its immunesuppressive qualities (26) . This level of discrimination was achieved by the complementary use of a sensitive cytokine ELISPOT and multiple peptides representing NPPEs of multiple islet autoantigens. Since these assays appear capable of distinguishing the tolerant from the autoimmune state, they will be of potential use in the monitoring of immune intervention trials in diabetes.
Our data indicate a different quality of immune response to islet autoantigens in patients with T1DM and in those who share some of the HLA-encoded risk but who are not diabetic. Using multiple epitopes, an assay that indicates the functional phenotype of the autoreactive response, and a relatively large study pop- ulation, has enabled us to perform a systematic exploration of the T cell paradigm of T1DM. The response of patients with T1DM is dominated by the production of IFN-γ, the prototypic Th1 cytokine, and we believe that this provides the first clear evidence that islet autoreactive T cells circulating in patients near a T1DM diagnosis have a proinflammatory phenotype. It is also noteworthy that some patients responding to peptides by secretion of IFN-γ also responded by secretion of IL-10. IL-10 has a range of potent activities that can be summarized as mediating systemic immune suppression (26) . It is therefore possible that its production in T1DM patients with Th1-mediated autoreactivity reflects efforts by the immune system to control islet inflammation. This proposal receives support from our observation that patients making IL-10 responses tended to be significantly older at the onset of disease, implying that in these patients disease is slowly progressive and that the IL-10 response may contribute to the latency of autoimmune diabetes in adults. A further possibility, which cannot be addressed in our current ELISPOT format, is that the same CD4 T cell produces both IFN-γ and IL-10. Such cells have been described, most notably in the context of persistent infections (27) , and it is an intriguing possibility that their presence reflects an infectious etiology in T1DM. Further studies will be required to clarify this issue. It should be noted that cytokine ELISPOTs do not measure the quantity of IFN-γ or IL-10 produced. This may be of relevance, since studies in animal models suggest that low levels of IFN-γ may protect them from autoimmune diabetes (28, 29) .
Rather than being nonresponsive, nondiabetic control subjects frequently reacted to islet autoantigens by the production of IL-10 alone, and it is tempting to speculate that these cells may have a regulatory role. IL-10 suppresses T cell proliferation and Th1/Th2 effector functions (26) , and this finding is therefore consistent with our previous observation that T cells from nondiabetic control subjects do not proliferate in response to IA-2 peptides (13) . Our data support the view that central thymic tolerance to autoantigens through deletion and anergy is incomplete and that active peripheral tolerance mechanisms, such as the recruitment of Treg's, are a physiological requirement (30) . Further characterization of these cells will establish whether they are capable of regulating potentially pathogenic islet-autoreactive Th1 cells and whether immunotherapeutic interventions in T1DM can induce their differentiation and expansion.
Our study was underpinned by the development of T cell assay technology capable of detection of autoreactive T cells in diseases such as T1DM, a major research goal in recent years (11, 12, 31, 32) . In combination, the peptide epitopes that we have identified and sensitive cytokine ELISPOTs we used offer a degree of analytical sensitivity that allows rare responder cells to be detected. Positive responses were detected when as few as five spots per well were detected in the presence of islet peptide. This equates to a frequency of one epitope-specific CD4 T cell per 60,000 PBMCs and is consistent with recent estimates for peptide-specific CD4 T cells using MHC class II tetramer technology (33, 34) . The assay format in which there is a period of initial bulk culture in the absence of cytokine capture Ab's allows cell-cell interaction and the potential for signal amplification, contrasting with the conventional direct approach in which cytokines secreted by responder cells are immediately sequestered by capture Ab's and are therefore unavail- Table 5 Comparison of prevalence of polarized autoreactive T cell responses to islet autoantigen epitopes in T1DM patients and nondiabetic subjects able to influence bystander cells (10) . After bulk culture, only nonadherent cells are transferred for a brief cytokine-capture period, limiting the potential for background and non-T cell cytokine detection. As shown recently in a workshop format (21) and confirmed in the present study by repeated measures, this assay format shows excellent reproducibility characteristics.
The development of cellular and biochemical techniques to identify NPPEs of islet autoantigens presented by selected HLA class II molecules (13) is a further important refinement of the autoreactive T cell assay, since it avoids use of whole antigens and the inherent problems of contamination with xeno-proteins (12) . Synthetic peptides, representing key epitopes of the major islet autoantigens, offer a considerable potential advantage in this respect, since they can be generated in a highly pure form. Moreover, high concentrations of pure peptides with high affinity for HLA class II molecules achieves high levels of peptide-HLA density with minimal toxicity. Peptides bind surface HLA class II molecules directly, minimizing the requirement for antigen processing and thus recruiting additional APCs such as B cells, a manipulation known to enhance the detection of rare T cell populations (35) . We hypothesize that the high level of peptide-HLA density achieved drives autoreactive effector T cells, which are presumed to have low affinity for the peptide-HLA complex, to respond in the environment of PBMC culture in which provision of costimulatory signals is relatively poor.
The fact that greater discrimination between T1DM and nondiabetic subjects is achieved with multiple autoantigens closely mirrors studies on the use of multiple islet autoantibody specificities to screen for prediabetes, in which diagnostic sensitivity, specificity, and predictive power increase as the number of autoantigens used in the detection assays are increased (14) . Furthermore, no single epitope distinguishes itself as being highly discriminatory; rather, the power of the study lies in the use of multiple epitopes. In our study the addition of PI epitopes to the IA-2 epitopes already identified increases diagnostic sensitivity, such that over 70% of T1DM patients are positive, a figure approaching that seen for autoantibody positivity in the same cohort (82% positive for IA-2 and/or glutamic acid decarboxylase-65 autoantibodies). It is probable that the size of the panel of peptides used can be reduced and refined as the more dominant epitope responses are deciphered. The PI peptides demonstrate a hierarchy of responsiveness in which the sequence C19-A3 appears dominant. This closely reflects findings in HLA-DR4 (B1*0401) transgenic mice (36) immunized with pre-PI and other studies identifying C19-A3 as a target in patients with T1DM (37, 38) . Although a higher prevalence of responses to the natural peptides was seen in patients with at least one HLA-DR4 allele, this difference did not reach statistical significance with the number of cases studied, and responses are seen in non-DR4 individuals. We selected long consensus sequences spanning the regions we identify after elution from HLA-DR4, and presumably some of these regions represent "hot-spots" of antigen processing also processed and presented by other class II HLA molecules.
The present study can be considered as a pilot for future analyses in which peptides are tested in blinded fashion on comparable study populations. It will be important to establish that similar reactivity is seen in younger patients and children, who comprise the majority of T1DM subjects; in our study the requirement for sufficient blood volumes to explore a large peptide panel with multiple cytokines dictated that it be performed using adults. It will also be important to establish the most robust method for reporting ELISPOT data. There is no standard or accepted approach; in our study we used a ROC plot to direct the optimal cut-off for positivity, which gave the highest combination of diagnostic sensitivity and specificity in our populations. The use of a SI, although widely accepted in T cell proliferation assays, is dependent upon the background response, which varies widely among individuals. An alternative, the subtraction of background counts, was not favored because it masks the extent of the background response (for example, results for medium versus stimulus of zero and five spots, respectively, clearly represents a different result from 100 and 105 spots).
In summary, we have developed an assay format that detects autoreactive T cells in T1DM with a high diagnostic sensitivity and specificity, due at least in part to the adoption of a multiantigen approach pioneered in islet autoantibody studies. Such T cell assays will be required for monitoring treatment efficacy in the burgeoning arena of immune intervention trials in T1DM. Our data indicate that islet destruction is characterized by proinflammatory autoreactive T cells, while the tolerant, nondiabetic state is characterized by autoreactive T cells that secrete the immune suppressive cytokine, IL-10. When and how the latter is acquired will be of particular interest for future research.
